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Residues 3382342 at the C-terminal end of loop 6 in the large subunit â/A barrel structure of Rubisco
influence specificity towards CO2 and O2. In Anacystis nidulans Rubisco, replacement of alanine 340 by
tyrosine or histidine increased the specificity factor by 12213%, accompanied by a 25233% fall in Vc,
the rate of carboxylation, while replacement by asparagine increased the specificity factor by 9% and Vc
by 19%. Other mutations did not significantly alter specificity. Alanine 340 does not interact directly
with the bisphosphate substrate, thus replacing it with other residues must have indirect effects on the
specificity factor and rate of carboxylation.
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The enzyme Rubisco (ribulose-1,5-bisphosphate carboxyl- non-activated Rubisco structures with activated, enzyme-bound
inhibitor complexes (Knight et al., 1990; Curmi et al., 1992;ase/oxygenase) from higher plants is inefficient (Hartman and
Harpel, 1994; Wildner et al., 1996) : they have a low turnover Newman and Gutteridge, 1993) show that there are several re-
gions of the large subunit that are mobile during catalysis includ-number of about 3 s21 and catalyses not only the reaction of
CO2 with ribulose 1,5-bisphosphate, but also a number of side ing loops in the N-terminal domain, loop 6 (V3312S341, the
loop between â-sheet strand 6 and A-helix 6 of the â/A barrel)reactions including the wasteful oxygenation of ribulose 1,5-
and the C-terminus of the polypeptide. ô is thought to be deter-bisphosphate, leading to the loss of fixed CO2 and consumption
mined by both the exact position of the å-amino group ofof ATP in photorespiration. Plants with an improved Rubisco
Lys334, in loop 6 and the presence of the essential metal ion.would need to invest fewer resources in this enzyme and may
Most attempts to engineer Rubisco’s specificity for CO2 haveuse water and nitrogen more efficiently.
not produced more efficient enzymes (Che`ne et al., 1992; HarpelThe specificity factors, ô, of Rubiscos from different species
and Hartman, 1992; Thow et al., 1994; Zhu and Spreitzer, 1994,vary from 10 in the purple sulphur bacteria to over 200 in some
1996). However, some mutations in loop 6 and at the C-terminusmarine algae (Read and Tabita, 1994; Uemura et al., 1997) and
of the protein have achieved small increases in ô without largemany attempts have been made to manipulate ô. This is a diffi-
decreases in Vc. Most of the amino acid residues in loop 6 arecult goal since neither CO2 or O2 bind directly to the active site
conserved between different species but the four residues (posi-(Pierce, 1986). However, it has been possible to alter ô in several
tions 3382341 in the spinach sequence) at the C-terminal hingeways including oligonucleotide-directed mutagenesis of Rubisco
of the loop vary. Mutation of these four residues in A. nidulansgenes cloned in the bacterium Escherichia coli. Studies have
Rubisco to the residues found in maize or tobacco resulted inlargely focused on Rubiscos from Rhodospirillum rubrum or the
327% increase in ô, accompanied by a fall in Vc of less thancyanobacterium Anacystis nidulans. The A. nidulans Rubisco
25%, compared with the wild-type enzyme (Parry et al., 1992;has the higher plant structure and both subunits will fold and
Kane et al., 1994). Mutation to the spinach sequence did notassemble correctly in E. coli to produce active holoenzyme. The
significantly alter ô (Gutteridge et al., 1993). A single mutation,A. nidulans Rubisco large subunit polypeptides and the corre-
A340E, led to a 17% decrease in ô with a fall in Vc of just oversponding gene transcripts have, respectively, over 80% amino
10% (Parry et al., 1992) while another mutation, A340L, led toacid and nucleotide identity with the higher plant enzymes
a 7% fall in ô, with a fall in Vc of 33% (Read and Tabita, 1994).(Knight et al., 1990).
The only other region of the polypeptide where mutation hasHigh-resolution three-dimensional structures have been pub-
resulted in an increased ô is the C-terminal tail (Gutteridge etlished for Rubisco from tobacco (Schreuder et al., 1993; Zhang
al., 1993).et al., 1994) spinach (Andersson et al., 1989; Andersson, 1996;
Since most mutations at position 340 affected ô withoutKnight et al., 1990), A. nidulans (Newman and Gutteridge, 1990,
decreasing Vc by more than 10%, we have made six further mut-1993) and R. rubrum (Schneider et al., 1990). Comparison of
ations at position 340 (A340D, A340G, A340H, A340N, A340R
and A340Y) to explore the role of size and charge of differentCorrespondence to P. J. Madgwick, Biochemistry and Physiology
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Abbreviations. ô, specificity factor; Vc, maximum rate of carboxyla- MATERIALS AND METHODS
tion; Vo, maximum rate of oxygenation; Ko, Michaelis constant for O2.
Materials. The plasmid pAn92 (Kettleborough et al., 1987)Enzyme. Rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase
(EC 4.1.1.39). was used as a source of the A. nidulans Rubisco genes. The
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Table 1. Relative specificities and kinetic properties of wild-type and mutant Rubisco. A340 is the wild-type enzyme; the data for the wild-
type enzyme was used on each occasion to normalise the mutant data; (*), significantly different from the wild-type enzyme P 5 0.05; (**),
significantly different from the wild-type enzyme P 5 0.01; specificity factor, Kc, KRuBP and Vc are shown with their standard errors.
Type Specificity Change in Kc KRuBP Vc Change Vc/Kc
factor specificity in Vc
% ìM ìmol CO2 · ìmol %
catalytic site · s21
A340 46.30 60.38 85.563.7 216.9619.3 6.060.08 2 .0706 .022
A340D 48.44 60.52 5 79.564.8 244.9624.1 4.060.07 233 .0516 .015
A340G 43.68 61.70 26 74.067.9 232.3631.9 4.160.10 231 .0566 .013
A340H 52.31**60.99 13 55.163.9 249.0610.6 4.060.06 233 .0736 .016
A340N 50.26* 61.98 9 74.963.0 155.4610.8 7.160.07 119 .0956 .023
A340R 47.70 61.71 3 91.666.6 271.2611.6 5.760.14 24 .0636 .021
A340Y 51.70**61.00 12 72.964.7 248.2620.7 4.560.07 225 .0616 .015
plasmid was propagated in E. coli strain JM83 [ara, ˜(lac-pro), nations were carried out as described previously (Kettleborough
et al., 1987). The concentration of Rubisco active sites whichstrA, thi, Ö80dlacZ˜M15]. The bacteriophage M13mp9 and de-
rivatives containing the Rubisco genes were grown in E. coli is needed to calculate Vc, was determined from the binding of
[14C]carboxyarabinitol 1,5-bisphosphate (1.0 Ci/mol) to mutantstrain TG1 [˜(lac-proAB), supE, thi, hsdD5 F’: traD36, proAB,
lacIq, lacZ˜M15]. and wild-type Rubiscos (Gutteridge et al., 1993). [14C]Carboxy-
arabinitol 1,5-bisphosphate was added to desalted enzyme thatRestriction and modification enzymes were obtained from
Gibco-BRL Life Technologies and Boehringer Mannheim UK. had first been incubated, for 10 min at 25°C, with unlabelled
NaHCO3 to generate the activated quaternary complex. After aSequencing was carried out using Sequenase version 2.0 from
United States Biochemicals (USB). Site-directed mutagenesis further 30-min incubation, the enzyme complex was freed of
excess inhibitor by gel filtration through a columnwas carried out with the T7-Gen in vitro Mutagenesis kit, ob-
tained from USB. Oligonucleotides were purchased from Phar- (30 cm31 cm) of Superdex 75 (Pharmacia). Changes in ô were
analyzed using [14C]ribulose 1,5-bisphosphate (Bainbridge,macia Biotech. They were used according to the manufacturer’s
instructions. Routine DNA preparations and manipulations were 1995).
To determine whether the introduced mutations altered thecarried out as described in Sambrook et al. (1989).
General laboratory chemicals were obtained from Fisons, rate of dissociation of Rubisco and carboxyarabinitol 1,5-
bisphosphate, the complex was challenged with a 10-fold molarSigma-Aldrich or BDH. [2′-14C]Carboxyarabinitol bisphosphate,
a transition-state analogue, was made according to Pierce et al. excess of unlabelled carboxyarabinitol 1,5-bisphosphate and the
amount of radioactivity remaining with the enzyme fraction was(1980). [1-14C]Ribulose 1,5-bisphosphate (12.5 Ci/mol.) was
synthesized enzymatically from erythrose 4-phosphate (Serianni measured at different times (Gutteridge et al., 1993).
et al., 1982a,b) and purified using a 1.7 cm351 cm Dowex 1
column in 3 mM HCl and developed with a 0.0 to 0.4 M gradi-
ent. Ultima flow scintillation fluid was from Packard. RESULTS
Site-directed mutagenesis. Site-directed mutagenesis car-
Construction of the mutant genes and production of mutantried out with the T7-Gen kit requires a single-stranded template.
Rubiscos. Six mutant genes for the A. nidulans Rubisco largeThe A. nidulans Rubisco genes (rbcL and rbcS) from the plas-
subunit were constructed, to explore the effects of changing themid pAn92 were excised on a 2.2-kb PstI fragment and cloned
size and charge of the residue at position 340. Each mutationinto the bacteriophage M13mp9 which had been linerised with
was introduced into the Rubisco large-subunit gene by site-di-PstI. A 28-base degenerate oligonucleotide GGAAGGCGACA-
rected mutagenesis. E. coli was grown harbouring the wild-typeAANNSTCGACCTTGGGC was designed to direct the replace-
small-subunit gene, rbcS, together with either the wild-type orment of alanine at position 340 by every other amino acid; the
a mutant large-subunit gene, rbcL. The Rubisco polypeptidesinitial mutagenesis did not yield all the 19 possible amino acid
were expressed and purified.replacements so two further oligonucleotides GGAAGGCGAC-
AAANDGTCGACCTTGGGC and GGAAGGCGACAAAHH-
CTCGACCTTGGGC were synthesised and used to generate fur- Kinetic parameters for wild-type and mutant Rubiscos. For
each mutant Rubisco, ô was determined and compared with thether mutations at this position. The oligonucleotides were phos-
phorylated and used without further purification. Site-directed value for the wild-type enzyme. The measurements were re-
peated at least 15 times for each mutant, using at least two dif-mutagenesis was carried out and the introduction of specific
mutations was confirmed by sequencing. ferent preparations of the enzyme and on at least three different
days. The mutants A340D, A340G and A340R had specificitiesProduction of mutant proteins. The mutated Rubisco genes
were subcloned into the plasmid pUC19 on a 2.2-kb PstI frag- which were not significantly different from the wild-type value
(Table 1). However significant increases (at 99% confidencement. Clones with the insert in the same orientation as the lac
promoter of pUC19 were identified and the A340 region was levels) occurred when a residue with a large bulky polar side-
chains was introduced: ô was 13% higher in the A340H andsequenced to confirm their identity. Cultures of E. coli strain
JM83 expressing wild-type or mutant genes were grown, and 12% in the A340Y mutants. A smaller increase of 9% (signifi-
cant at 95% confidence levels) was recorded with the mutantRubisco was purified from them as described previously (Parry
et al., 1992). A340N.
Increasing the specificity of Rubisco would be of little bene-Determination of kinetic constants, carboxyarabinitol
1,5-bisphosphate binding and specificity factor. Km determi- fit to a plant if this increase were at the expense of either
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decreasing the Vc of the enzyme or of lowering the affinity of drogen bond might be responsible for reducing reducing Vc in
the A340H and A340Y mutants but not in A340N. The effectsthe enzyme for its substrates. The Michaelis constants for ribu-
lose 1,5-bisphosphate and CO2 were estimated and the Vc values of the mutations on ô and Vc must be due to subtle effects on
the positioning of Lys334 or other residues involved in catalysis.for each enzyme were determined (Table 1). All of the mutant
enzymes bind both CO2 and ribulose 1,5-bisphosphate approxi- The movement of loop 6 and other loops closes the active site,
which results in the almost irreversible association of the acti-mately as tightly as the wild-type enzyme. The Vc values range
from 67% to 119% of the wild-type values. vated enzyme with carboxyarabinitol 1,5-bisphosphate. Dissoci-
ation of carboxyarabinitol 1,5-bisphosphate from the A340H andWhile the specificty factor can be determined precisely for
different mutants, measurements of some other kinetic parame- A340Y mutant enzymes was similar to the wild-type enzyme,
suggesting that the ability of loop 6 and other loops to closeters are more difficult. For example, the apparent Vc is dependent
on purity, complete activation, assay conditions and assumes that over the active site is not impaired by these changes.
The A340G mutant shows a reduction in reaction rate, whileall of the enzyme is catalytically active. As a consequence, the
values reported for the apparent Vc for Rubisco for different the specificity factor is not altered significantly. This change
could allow the essential Lys334 to be held in a satisfactorygroups and on different occasions vary fourfold, from 2.4 s21
(calculated from Andrews and Abel, 1981) to 13.3 s21 (Morell position for discriminating between CO2 and O2, but with too
much flexibility to allow the reaction rate to be maintained.et al., 1992). Other parameters also vary. The lower and variable
values may reflect damage caused to Rubisco during isolation In general, plants with higher specificity factors tend to have
lower Vc (see Bainbridge et al., 1995) and it is possible that anyand purification.
The parameter Vc/Kc gives a measure of the catalytic effi- increase in ô will be at the expense of decreasing the rate of
reaction. The maximum rates and specificity factors for theseciency of the enzyme (Table 1). Only A340N can be described
as an improved enzyme, achieved by small increases in both ô A340 mutants were not sufficiently different from the wild-type
enzyme to see whether they fit this trend. However, the A340Nand Vc. In the other enzymes any improvement in ô is offset by
decreases in the rate of reaction, for example, by 33% for mutant appears to have both increased ô and Vc, hence showing
a small increase in efficiency. The recent discovery of RubiscoA340H and by 25% for A340Y.
[14C]Carboxyarabinitol 1,5-bisphosphate is a tight binding from red alga with a specificity factor three-times that of crop
plants suggests that the reduction of photorespiration in cropinhibitor of Rubisco. The stability of the quaternary complex
between two mutant enzymes and [14C]carboxyarabinitol 1,5- plants should become a reality (Shibata et al., 1996; Uemera et
al., 1997).bisphosphate was compared to the stability of the equivalent
wild-type complex. The mutant enzymes did not behave dif-
ferently from the wild-type enzyme. The help of Jim Pitts and Glen Wright (Birkbeck College, London)
in modelling the mutations is gratefully acknowledged. We would also
like to thank A. J. Keys and P. J. Andralojc for useful discussions. IACR
receives grant-aided support from the Biotechnology and Biological Sci-DISCUSSION
ences Research Council of the United Kingdom.
These results confirm the importance of loop 6 in determin-
ing the ability of Rubisco to discriminate between CO2 and O2.
Mutations have been made at position 340 in A. nidulans Rubi-
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